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ABSTRACT
The distinction between globular clusters and dwarf galaxies has been progressively
blurred by the recent discoveries of several extended star clusters, with size (20 − 30
pc) and luminosity (−6 < Mv < −2) comparable to the one of faint dwarf spheroidals.
In order to explain their sparse structure, it has been suggested that they formed as
star clusters in dwarf galaxy satellites that later accreted onto the Milky Way. If these
clusters form in the centre of dwarf galaxies, they evolve in a tidally-compressive
environment where the contribution of the tides to the virial balance can become
significant, and lead to a super-virial state and subsequent expansion of the cluster,
once removed. Using N -body simulations, we show that a cluster formed in such an
extreme environment undergoes a sizable expansion, during the drastic variation of the
external tidal field due to the accretion process. However, we show that the expansion
due to the removal of the compressive tides is not enough to explain the observed
extended structure, since the stellar systems resulting from this process are always
more compact than the corresponding clusters that expand in isolation due to two-
body relaxation. We conclude that an accreted origin of extended globular clusters
is unlikely to explain their large spatial extent, and rather favor the hypothesis that
such clusters are already extended at the stage of their formation.
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1 INTRODUCTION
In recent years, a number of low-luminosity stellar sys-
tems was discovered around galaxies populating the transi-
tion region between low-luminosity dwarf spheroidal galaxies
(dSphs) and globular clusters (GCs) in the luminosity-size
parameter space. These stellar systems, with a luminosity
between −6 < Mv < −2 and a half-light radius of about
≈ 20−30 pc, are often referred to as extended clusters. In the
Milky Way (MW) the known objects are Pal 4, Pal 14, AM 1
(Mackey & van den Bergh 2005; Harris 2010), and sev-
eral extragalactic ones (Brodie & Larsen 2002; Huxor et al.
2014; Mackey et al. 2013). They are preferentially found in
the outer halos of galaxies and are characterized by a more
diffuse structure than typical GCs of similar luminosity.
Therefore, their intermediate size, between the regime of
⋆ E-mail: bianchini@mpia.de
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dSphs galaxies and the bulk of GCs, makes them intriguing
objects, crucial for the understanding of the differences and
similarities of the formation of low-mass stellar systems.
Extended clusters have half-mass relaxation times
slightly larger than their age, which makes it difficult to ex-
plain their sizes by expansion driven by two-body relaxation
(Gieles et al. 2011). The debate on the nature of these ob-
jects was recently enhanced by the discovery of the peculiar
MW extended stellar system Laevens1/Crater (half-light ra-
dius between 20− 30 pc), whose classification as a GC or a
dSph is still debated (Laevens et al. 2014; Belokurov et al.
2014). Moreover, the complexity of their internal dynamics is
not fully understood yet. Frank et al. (2014) found the sur-
prising evidence of mass segregation in Pal 14. The current
relaxation time of this extended cluster exceeds the Hubble
time and therefore is too long to explain the settling of seg-
regation only through dynamical evolution. The combined
effect of primordial mass segregation and dynamical evolu-
tion could explain the structure of this cluster (Haghi et al.
2014). Therefore, further studies of the internal properties of
such stellar systems are indeed crucial to unveil their origin.
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The presumed origin of such extended clusters includes
three main mechanisms: 1) they genuinely formed extended
(this requires a formation environment with a high Mach
number, which is appropriate to dwarf galaxies; Elmegreen
2008); 2) they formed through the merging of two or more
star clusters (Fellhauer & Kroupa 2002; Assmann et al.
2011); 3) they were born as compact star clusters and later
expanded due their peculiar environmental-driven evolution;
this hypothesis will be tested in this study. Evolutionary
processes that are often assumed to cause an expansion are
strong tidal shocks (Spitzer 1958; Ostriker et al. 1972) or
accretion process onto the MW halo (Mackey & Gilmore
2004; Miholics et al. 2014). The latter mechanism assumes
that these clusters formed in dwarf-like satellite galaxies that
later were stripped and accreted onto the halo of the host
galaxy. We note that accretion of dwarf galaxies is a pro-
cess commonly used to explain the structural properties of
GC systems. In fact, there is growing evidence that a signif-
icant fraction of MW GCs are accreted systems, while the
remaining formed in-situ in the early phase of galaxy for-
mation (Marín-Franch et al. 2009; Forbes & Bridges 2010;
Leaman et al. 2013). This is further supported by the spa-
tial coincidence of outer halo GCs with stellar streams and
overdensities (Mackey et al. 2010).
In this work, we focus on the possibility that extended
clusters formed in the context of an accretion event, test-
ing if their observed extended sizes can be explained by the
structural adjustment of the clusters to the time-dependent
tidal field. We evaluate this hypothesis using N-body simu-
lations considering the case of a cluster formed in the central
regions of dwarf-like galaxies, where it experiences a com-
pressive tidal field, which is then switched off to mimic the
accretion of the cluster onto a MW-like galaxy. Compressive
tides provide an extreme environment that enables the clus-
ter to acquire an excess of kinetic energy with respect to its
potential energy. A complementary approach has been fol-
lowed by Webb et al. (2014) and Miholics et al. (2014) for
the study of the evolution of the size of clusters embedded
in less extreme (non-tidally compressive) environments.
The paper is organized as follows: first we introduce
the compressive tidal environment typical of cored regions
of galaxies and show with analytical calculations that an ac-
cretion event causes an expansion of stellar systems. Then, in
Section 3 we present our N-body simulations and we discuss
our results. Finally, we report our conclusions in Section 4.
2 EXPANSION OF CLUSTERS DUE TO
SATELLITE ACCRETION
2.1 Compressive tides in galaxy cores
Let’s consider a gravitational potential φ embedding a star
cluster. The associated tidal tensor can be written as the
second space derivative of the potential (Renaud et al. 2008)
T ij = −∂i∂jφ. (1)
The tides are fully compressive if all eigenvalues λi of this
tensor are negative, and extensive if at least one eigenvalue
is positive. One typical environment of compressive tides is
the central region of galaxies with cored density profiles. For
dwarf galaxies, recent studies show that cored profiles are
favored over cuspy ones (e.g. Walker & Peñarrubia 2011). In
the case of a Plummer potential with characteristic radius
r0 fully compressive tides are found in the central region,
delimited by r < r0/
√
2 (Renaud 2010).
2.2 Proof of the principle
We wish to describe the expansion of a stellar system due to
a time-varying tidal field. We consider a globular cluster ini-
tially embedded in an isotropic compressive tidal field that
is then instantaneously removed (impulsive approximation,
Spitzer 1958) to mimic the accretion event of the satellite
that hosts the cluster in its centre. In this section, we follow
the procedure outlined in Hills (1980).
Let’s consider an isotropic tidal field such that the
eigenvalues of the tidal tensor are equal, λi = λ, and nega-
tive (fully compressive tides). The initial energy of the clus-
ter embedded in such field is (Renaud 2010, his eq. E.12)
E0 =
1
2
Mcσ
2 − GM
2
c
2rv
− 1
2
λαMc r
2
t (2)
where the last term describes the energy due to the compres-
sive tides,Mc the total mass of the cluster, σ its velocity dis-
persion, rv the virial radius, rt the radius where the density
of the cluster drops to zero, and α depends on the mass pro-
file of the cluster and is defined as α = 1/(Mc r
2
t )
∫Mc
0
r2 dm.
We assume that the system is virialised before the compres-
sive tides are removed (Renaud 2010, his eq. E.13)
Mcσ
2 − GM
2
c
2rv
+ λαMc r
2
t = 0. (3)
Since λ is negative, we see that the velocity dispersion of the
cluster is higher than what expected from a no-tide case.
In the impulsive approximation, we assume that both
velocity dispersion and the radii of the cluster remain un-
changed when the tidal field is instantaneously removed.
This approximation is justified by the fact that the time
scale in which the stripping of a dwarf-galaxy occurs is small
compared to its internal dynamical time scale. The new en-
ergy of the system is therefore
E1 =
1
2
Mcσ
2 − GM
2
c
2rv
(4)
and, by using equation 3, we get
E1 = −λαMcr2t −
1
2
Mcσ
2. (5)
The cluster remains bound (E1 < 0) for
λ > −1
2
σ2
αr2t
. (6)
Therefore, if the system is embedded in too strong compres-
sive tides (very negative values of λ), its energy exceeds the
reference level which would allow it to remain bound after
the impulsive change. The cluster is then “super-virialised"
and is unbound when the tides are switched off. We here
consider unbound when the total energy is positive, in real-
ity the core can remain bound and stars in the outer part
escape with velocities larger than the escape velocity.
After turning off the tidal field, the cluster settles in a
new equilibrium state on a dynamical time scale, with a new
radius r′v and a new velocity dispersion σ
′. Neglecting any
c© 2014 RAS, MNRAS 000, L1–L5
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mass loss (i.e. constant Mc over a dynamical time) the final
state is described by the virial equation
Mcσ
′2 − GM
2
c
2r′v
= 0, (7)
and a total energy
E = −GM
2
c
4r′v
. (8)
Using equation 3, 4 and 8 we obtain a relation between the
virial radius r′v at the final state and the initial radius rv
r′v = rv
(
1 +
2λα r2t rv
GMc
)−1
. (9)
In the case of compressive tides (i.e. λ < 0), the final virial
radius r′v is always larger than the initial rv. The cluster
therefore expands after the tidal field has been switched off.
In a realistic case we would expect that the expansion
would affect more the stars in the outer part of the cluster.
These stars will escape with nonzero velocities, taking away
a large fraction of the energy gained during the compressive
phase. This could indeed reduce the expansion. Therefore
we discuss more detailed simulations in the next section.
3 N-BODY SIMULATIONS
We now study the problem with N-body simulations, using
Nbody6tt (Renaud et al. 2011) based on Nbody6 (Aarseth
2003). Nbody6tt gives the possibility to add to the regular
forces the effect of an arbitrary time-dependent tidal field.
We use the Graphics Processing Unit (GPU) enabled version
of Nitadori & Aarseth (2012) and compute the simulations
using the GPU cluster at the University of Surrey.
Our fiducial initial conditions for the cluster consist of
4096 particles drawn from a Plummer sphere. Since our in-
vestigation focuses specifically on the effects of an abrupt
variation of the tidal environment of the star cluster, we
consider exclusively equal-mass models, in the absence of
stellar evolution. The compressive tides are given by the
central region of another Plummer potential, mimicking the
cored potential well in the center of a dwarf galaxy (see
Sect. 2.1). The tidal tensor is computed analytically and
fed to Nbody6tt. The tides are switched off to simulate the
stripping of the dwarf galaxy as a consequence of the accre-
tion process onto the MW. For simplicity, the potential of
the MW is not considered: the clusters experience the tides
from the dwarf galaxy alone, which are then fully removed.1
In the following sections we present the results of the
long-term dynamical evolution of the cluster, considering
different initial densities, tidal field strengths, transitions
between compressive tides and isolation (impulsive or adi-
abatic transitions), and in orbit inside the dwarf galaxy
potential. We consider as bound stars those with E < 0
1 We note that our low-N cluster evolves to lower densities
than real clusters. This is because in the expansion phase clusters
evolve to a constant ratio of relaxation time over age, such that
the clusters density is proportional to N2. From Eq. (9) we see
that the expansion factor is smaller for cluster with higher den-
sity. This means that more massive clusters are less affected by
the removal of the tides than the clusters in our N-body models.
Figure 1. Time evolution of the Lagrangian radii (enclosing 10%,
50% and 90% of the total bound mass) of a cluster in three com-
pressive tidal fields, labeled as weak (green lines), intermediate
(orange lines) and strong (blue lines) tidal field. When the com-
pressive tides are switched off at 8 Gyr (vertical line), the cluster
expands. However, the expansion is not enough to generate ob-
jects more extended than the one evolved in isolation (black lines).
Figure 2. Time evolution of the ratio of kinetic and potential
energy K/W of the runs presented in Fig. 1. The clusters are
initialized with K/W = −0.5, i.e. neglecting the tides, but sub-
sequently adjust quickly to it (see especially the case with strong
tides). When compressive tides are switched off, the cluster is in
a “super-virialized" state and tends to retrieve a virialized one by
expanding. The peaks correspond to the formation of binaries.
(Renaud et al. 2011), where the energy is given by the sum
of the potential and kinetic energy, E=W+K.
3.1 Evolution in the centre of a compressive tidal
potential
The first case we explore consists in a cluster with virial
radius rv = 1 pc. We aim to study the dependence of the
cluster’s evolution on the strength of the tidal field. For this
reason we place the cluster with no orbital motion in the
centre of a dwarf galaxy with total mass M = 108M⊙ and
scale radius r0 = 1000 pc, 500 pc, 100 pc (typical values for
c© 2014 RAS, MNRAS 000, L1–L5
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Model N rv R10% R50% R90%
W_4k 4096 1 pc 0.53 0.75 0.80
I_4k 4096 1 pc 0.68 0.74 0.76
S_4k 4096 1 pc 0.40 0.46 0.56
I_8k 8192 1 pc 1.01 0.90 0.83
C_4k 4096 0.4 pc 1.01 0.65 0.52
C_4k_1 4096 1 pc 0.92 0.77 0.69
C_4k_2 4096 2.5 pc 0.66 0.60 0.84
I_4k_ad 4096 1 pc 0.63 0.72 0.72
Table 1. Ratios, R10,50,90 , of the 10%, 50% and 90% Lagrangian
radii at 10 Gyr of a cluster evolved in compressive tides and then
released to isolation at 8 Gry and the corresponding one evolved
in isolation. The names of the simulations indicate the strength
of the compressive tidal field (W, I, S, for weak, intermediate or
strong; see Sect. 3.1) or a circular orbit at 250 pc from the dwarf
galaxy centre, indicated with C. The initial number of particles
N and virial radius rv are reported. For I_4k_ad the transition
between the regime of compressive tides and isolation is adiabatic
(see Sect. 3.2). Clusters evolved in compressive tides are always
less extended than the one evolved in isolation.
dwarf galaxies masses and characteristic radii, McConnachie
2012). The tidal field experienced is thus compressive, con-
stant and isotropic. We label these three compressive tidal
fields as weak, intermediate and strong. The compressive
tides are switched off at 8 Gyr. At this time the clusters
have already undergone core collapse and have expanded to
their maximum extent (see Fig. 1).
In Fig. 1 we show the time evolution of the 10%, 50%
and 90% Lagrangian radii of the cluster (i.e., the radii con-
taining 10%, 50% and 90% of the bound mass, respectively)
for the strong, intermediate and weak compressive tidal
fields. The evolution of the tidally perturbed model is com-
pared to the one of an isolated cluster. While the compres-
sive tides are present, the spatial extent of the cluster de-
pends on the strength of the tidal field: the stronger the field,
the more compact the cluster is. The initial setup of the clus-
ters ensures equipartition between kinetic and internal po-
tential energies, and neglects the tidal term (K/W = −0.5).
During the first phase, the negative energy brought by the
compressive tides is balanced by an excess of kinetic energy
with respect to the sole internal potential (K/W < −0.5).
The time evolution of the ratio K/W is depicted in Fig. 2.
When the compressive tidal field is switched off (8
Gyr), the cluster experiences an expansion, that is larger
for stronger tides. We note that the expansion is significant
for the 50% and 90% Lagrangian radii, while is negligible for
the inner 10% Lagrangian radius, confirming that tides only
affect the outer regions of clusters. We compare the spatial
structure of the clusters evolved in compressive tides with
the corresponding clusters evolved in isolation. From Fig. 1,
it is clear that the expansion due to the abrupt variation of
the tidal environment fails to produce objects that are more
extended than the isolated cluster. We test this conclusion
using a wide range of initial conditions including different
initial cluster densities (initial virial radius of rv = 0.4, 1,
2.5 pc, initial number of particles N = 4096, 8192) and circu-
lar orbits for the cluster inside the compressive tidal region.
Nonetheless, all star clusters that underwent such a process
are always less extended than the one evolved in isolation (a
summary of the runs is reported in Tab. 3.1).
Figure 3. Time evolution of the 90% Lagrangian radius for a
simulation with an impulsive transition between compressive tidal
field and isolation (orange line) and one with an adiabatic transi-
tion lasting 600 Myr (cyan line). An intermediate strength of the
compressive tidal field is used (see Fig. 1) and the correspond-
ing eigenvalues λ are shown in the lower sub-panel. The 90%
Lagrangian radii converge in short time to the same value.
3.2 Impulsive vs. adiabatic tidal change
So far we considered the case of an impulsive transition be-
tween the regime of compressive tidal field and no tidal field.
We explore the effect of an adiabatic transition, occurring
over a time-scale of 600 Myr.2 Fig. 3 shows the evolution
of the 90% Lagrangian radius in the transition region only,
for both an impulsive and adiabatic transition. The eigen-
values λ associated to the time-dependent tidal tensors are
shown in the lower sub-panel. Both simulations converge to
the same radial extent in a few dynamical times, and no
significant differences are present 1 Gyr after the transition
(see also Tab. 3.1, model I_4k and I_4k_ad).
3.3 Observational surface density and velocity
dispersion profiles
A further confirmation of the inefficiency of satellite accre-
tion events in forming extended stellar systems, is given by
the detailed analysis of the morphology and kinematics of
our simulations. Fig. 4 displays the surface density profiles
and the line-of-sight velocity dispersion profile as a function
of the projected radius R of snapshots at 10 Gyr of a cluster
evolved completely in isolation and a cluster evolved initially
in intermediate-strength compressive tides.3 Despite the ex-
pansion imprinted by the time-dependent tidal field, the ob-
servational profiles do not show significant differences.4
2 This time-scale is the other extreme (compared to the impulsive
transition), lasting longer than a typical accretion event.
3 The profiles are constructed by stacking three snapshots around
10 Gyr, assuring to have a number of stars > 100 per radial bin.
4 Note that the number of particles of the two clusters at 10
Gyr is comparable (Nisolated = 1619 and Ntides = 1413) and the
measured half mass radii are rm = 11.49 pc and rm = 8.16 pc,
for isolated and compressive tides case, respectively.
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Figure 4. Surface density profile (top panel) and line-of-sight
velocity dispersion profile (bottom panel) at 10 Gyr of a cluster
evolved in isolation (black line) and one evolved in intermediate-
strength compressive tides (orange line) and released to isolation
at t = 8 Gyr. No significant structural differences are observable.
4 CONCLUSIONS
We tested the possibility that extended clusters form origi-
nally in the dense central regions of dwarf galaxies and later
expand due to a time-variation of the tidal field induced by
the accretion of the host dwarf galaxy. In the core regions
of dwarf galaxies, the clusters experience a regime of com-
pressive tides that produces an excess of kinetic energy with
respect to the internal potential energy. When the dwarf
galaxy is accreted onto the MW, the clusters are released in
the outer halo and expand due to this excess of energy.
We find that the expansion imprinted to the clusters
does not give origin to objects that are more spatially ex-
tended than systems that have always evolved in isolation.
We tested our conclusion exploring different initial densities
for the clusters, orbits inside the core of the dwarf galaxy,
strengths of the compressive tides and time variations of the
transition from the regime of compressive tides to isolation.
We note here that our result can be considered as con-
servative. In fact, we tested the most extreme case in which
the cluster originally resides in the central compressive re-
gion of a dwarf galaxy and is then released in isolation due
to the accretion event. In a more realistic case, the accretion
process of the dwarf galaxy would bring the cluster in the
(extensive) tidal potential of the host galaxy. This would
set a natural boundary for the spatial extent of the cluster
(Lagrange surface), that would further limit its expansion.
Moreover, by setting compressive tides, we push further the
results of Miholics et al. (2014) who found that the (less
extreme) case of tidally extensive tides does not lead to ac-
creted clusters more extended than those in isolation.
We conclude that an accreted origin of outer halo ex-
tended clusters is unlikely to explain their large spatial ex-
tent. For this reason, these stellar systems could have gen-
uinely formed extended or could have experienced an en-
hanced expansion due to some internal dynamical mecha-
nism (e.g. the interplay of primordial mass segregation and
dynamical relaxation, Haghi et al. 2014). Alternatively, ob-
servations of the radius of extended clusters could be biased
by unbound stars that have already been stripped, and won-
der in its vicinity along its orbit (Küpper et al. 2010).
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